This article presents the results of two studies of a new driving simulator called "DriVR". The first, normative study examined the performance of an uninjured driving population on the simulator. The driving ability of 148 participants in eight age categories was assessed using DriVR. The second, discriminative validity study examined DriVR's ability to discriminate between the performance of brain-injured and uninjured adults. We administered the DriVR assessment to 17 brain-injured adults. The performance of this group was compared to that of a subgroup of the uninjured participants, matched to the brain-injured participants in age, gender and years of education. In general, DriVR's measures showed age-related changes in participant performance, and were able to discriminate between head-injured and uninjured participants.
INTRODUCTION
simulators. Rather than being centered around a high cost film or video projector, VR systems can now be run on low cost PC platforms.
Of course, there are some potential disadvantages to VR-based driving assessment. VR systems make use of computer-generated graphics imagery, which appears less realistic than the video or film imagery used in existing driving simulators. The interactivity and immersiveness of VR may increase the likelihood of simulator sickness [14, 15, 16, 17] , a nausea related to motion sickness. Nevertheless, neither of these shortcomings is severe enough to prevent use of VR, and as VR technology improves, the severity of these shortcomings will lessen.
VR is already being successfully used for other psychiatric and medical applications. A summary of the research on psychotherapeutic applications of virtual reality technology can be found in [18] . A large portion this research has focussed on treatment of phobias [19, 20] .
Researchers have demonstrated the effectiveness of VR for treatment of acro-and agoraphobia in controlled studies [21, 22] . Other reported research consists largely of promising pilot studies with only a few participants. Among these were studies investigating the application of VR for treatment of fear of flying [23] , arachnophobia [24] , and fear of public speaking [25] .
Reports of research on therapeutic applications of VR not related to anxiety disorders are just beginning to appear. A study examining the use of VR for the treatment of eating disorders [26] treated 80 conference attendees and showed improvement of body-image ratings.
Researchers examined the use of VR for teaching of children with learning disabilities in [27] , and showed improvement of shopping skills in 19 children. In a related study [28] , 18 learning disabled students being taught the Makaton sign language with a VR application showed improved three-dimensional learning. In [29] , 24 students with movement disabilities showed the ability to locate objects on a map when given 3D virtual exposure to these locations. Reported Research investigating the use of VR for assessment (rather than therapy) is sparse. A survey of the issues expected to rise in the application of VR for assessment of cognitive and functional impairments may be found in [34] . A planned system for the assessment of body image is described in [35] . A successful case study describing the effectiveness of VR for cognitive assessment is described in [36] .
Summary
In summary, driving simulators have become an integral part of fitness-to-drive assessments in the clinic. They are used to evaluate strategic, tactical and operational driving skills. Simulators also provide a bridge between static tests and on-the-road tests. As researchers evaluate applications of VR for assessment, they will have to judge them by the same criteria used for all assessment tools: external validity (is the targeted skill truly being assessed), discriminative validity (can the system discriminate between highly and poorly skilled performance), and predictive validity (can the system predict real world performance). As VR simulators may not be realistic in every aspect, normative data is needed to establish a baseline with which to compare the performance of head-injured individuals.
DESCRIPTION OF THE DriVR SIMULATOR

Hardware
The DriVR created its imagery using a PC with a 166 MHz Pentium chip and 32 MB RAM. A graphics card provided 2D rendering acceleration. Experimental participants provided input to the system using a driving wheel and foot pedals for acceleration and braking from Thrustmaster. For visual display, DriVR used the Virtual I/O i-glasses. This head-mounted display provided a 30 degree horizontal field of view. The display was full color and stereoscopic, but was used in a biocular mode, with the same image sent to each eye. The iglasses included three degree of freedom head tracker (yaw, pitch and roll). To reduce display jitter, changes in the roll of participants' head position were ignored, and did not affect DriVR imagery. For audio display, DriVR used a Sound blaster card. Output from this card was sent to earphones in the head-mounted display.
Content
DriVR provided one practice and 10 testing scenarios, which appear in a continuous sequence as the participant drives through a small town roughly 1.4 km square. Table 1 summarizes the visual differences between each scenario, Figures 1 and 2 contain two example views. The motion of the vehicle being driven simulated automatic transmission, and was generated with a complex combination of variables including terrain, friction, and most importantly, the participants' input from the steering wheel, brake and accelerator. Traffic signs and marks were modeled with textures on simple polygonal objects. Only the participants' vehicle generated sound: a skidding sound, a collision sound, and an engine sound that varied with engine RPM, to give auditory feedback for speed.
Performance
Mean frame rate was 14 Hz, and depending on the visual complexity of the current environment, varied between 12 and 18 Hz. Lag in head tracking was not measured but was quite apparent when participants' turned their heads quickly. Lag in response to steering and brake/accelerator inputs was not appreciable -in fact, some participants complained that response to this sort of input was too prompt, more prompt than in actual vehicles.
Dependent Measures
The DriVR system provided several measures to aid in assessment of tactical and operational skills we associate with driving. Some are used in several of the scenarios; others are used only in a specific scenario. Table 1 outlines the measures used in each scenario. Below we describe these measures.
DriVR contained a familiarization route, designed to allow participants to become comfortable with the VR display and controls. Based on the results of the pilot study, we allowed each subject a maximum of 10 minutes of familiarization time. After a break, subjects completed two runs (trials) through the complete sequence of DriVR scenarios. Using two runs allowed us to measure any effect of practice. To avoid fatigue, participants were required to take a fiveminute break between the two trials.
Participants were able to complete familiarization and two trials in well under an hour.
Throughout testing, the evaluator carefully observed each participant for signs of dizziness or nausea. If a participant was unable to complete the session, his or her data was discarded and another participant was recruited to replace the discarded data.
Upon completion of testing, participants rated the perceived difficulty of the DriVR assessment on a visual analogue scale of 0 to 10, with 0 indicating least difficulty.
The research proposal received ethical approval from the University of Alberta. All participants were required to sign an informed consent form. Drivers less than the age of 18 years were required to have a parent or guardian sign the consent form. We were aware that some participants, particularly the head-injured adults, may have been concerned about potential uses of their test results. All participants were reassured that the predictive validity of the DriVR had not been determined, and that this was not the purpose of this study. They were informed that, as volunteers, they were assisting us with the evaluation of a system for potential use as a driving simulator.
TYPICAL PERFORMANCE WITH DriVR
Objective
The objective of this study was to find how a typical driving population would perform on the DriVR simulator. The results of this study could then be used to evaluate the external validity of the DriVR measures, and in comparison with the performance of an atypical (e.g. head-injured) driving population.
Participants
Normative data was collected using a convenience sample of young, middle aged and older adults living in the city of Edmonton. Our goal was to test twenty participants in each of the following eight age categories: less than 16, 16-25, 26-35, 36-45, 46-55, 56-65, 66-75, 76 and older. We chose to include a group of participants younger than the legal driving age of 16 years because we were interested in how this group, whom we assumed were familiar with computer game simulations, would perform relative to the older groups. We attempted to have an equal distribution of men and women in each age group. No participant had a history of head injury.
Participants were recruited through word of mouth and advertisements placed in newspapers targeted at University students, the general public and seniors. Figure 3 shows the number of participants tested by age group. From a total of 162 participants, 148 completed DriVR testing (73 men and 75 women). 14 participants were unable to complete the assessment due to nausea or physical discomfort. With the exception of the group over the age of 75, 20 participants were tested in each group. Due to the severe winter weather in our city, few seniors over the age of 75 could travel to the test site independently. Participants took an average 14.9 minutes to complete the test (SD=15.1, range: 9.0-37.6 minutes). Figure 6 shows that completion time increased with age. The correlation between time and age was statistically significant (Pearson's r = .56, p<.01).
Dependent measures
Driving speed. Speed limits varied across and within scenarios, but was most often 40 or 50 km/hr. Figure 7 shows the average speed of each age group for five of the DriVR scenarios.
Average speed to decreased with age. All of the average speeds were at or below the posted speed limits.
Lane and follow. Figure 8 shows the average distance from the center line by age group for each of the curved road, sloped road, shop road and opposite traffic scenarios. The average distances for each scenario were 2.1, 2.3, 2.1 and 2.3 meters. The average distance by age group from the lead car in the follow traffic scenario is depicted in Figure 9 . Participants in the three older age categories kept a further distance from the lead car due to their slower speeds. 
Avoid, lane change, merge and driveway.
